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Abstract 

Background: The ultrasonic vocalizations (USV) of courting male mice are known to possess a phonetic structure 
with a complex combination of several syllables. The genetic mechanisms underlying the syllable sequence 
organization were investigated. 

Results: This study compared syllable sequence organization in two inbred strains of mice, 129S4/SvJae (129) and 
C57BL6J (B6), and demonstrated that they possessed two mutually exclusive phenotypes. The 129S4/SvJae (129) 
strain frequently exhibited a "chevron-wave" USV pattern, which was characterized by the repetition of chevron- 
type syllables. The C57BL/6J strain produced a "staccato" USV pattern, which was characterized by the repetition of 
short-type syllables. An F1 strain obtained by crossing the 129S4/SvJae and C57BL/6J strains produced only the 
staccato phenotype. The chevron-wave and staccato phenotypes reappeared in the F2 generations, following the 
Mendelian law of independent assortment. 

Conclusions: These results suggest that two genetic loci control the organization of syllable sequences. These loci 
were occupied by the staccato and chevron-wave alleles in the B6 and 129 mouse strains, respectively. 
Recombination of these alleles might lead to the diversity of USV patterns produced by mice. 



Background 

Male courtship sounds are an adapted trait for attracting 
females and increasing reproductive success [1]. 
Recently, mice were found to emit ultrasonic vocaliza- 
tions (USVs) in response to females or their urine [2-5]. 
USVs were shown to be functional in attracting females 
in play-back experiments [6,7]. 

Mice are an important model for the genetics of beha- 
vior; so mouse USVs have been a focus in studies of 
genetic mechanisms underlying animal communication. 
Mice knocked out for the FoxP2, Drd2, or vasopressin 
receptor genes are known to produce abnormal USVs in 
terms of the length, frequency, and number of sound 
emissions [8-10], suggesting that genetic factors contri- 
bute to the development of vocalization pathways [10]. 

Beyond these quantitative traits, recent studies have 
focused on the qualitative mechanisms underlying the 
temporal and spectral features of mouse USVs. It was 
shown that the courtship USV of male mice has a song- 
like structure, which is composed of syllables in discrete 
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categories where the syllables are arranged in a sequen- 
tial order with a preferred transition between the sylla- 
bles [11]. 

The syllable repertoire of bird song is modulated by 
environmental factors, but recent cross-fostering experi- 
ments indicate that mouse USVs are genetic [12]. How- 
ever, it is not known how genetic mechanisms are 
involved in the organization of specific USV sequences. 

Here, we compared the syllable patterns of courtship 
USVs between 129 and B6 mice, which are the most 
common genetic backgrounds used in gene-targeting 
experiments. We describe the existence of two genetic 
loci that follow the rules of Mendelian inheritance and 
control the selection of specific syllables, thereby contri- 
buting to the diversity of courtship USVs. 

Results 

Different syllable organizations in 129 and B6 strains of 
mice 

Male mice USVs were induced by introducing a B6 
female at estrus stage. Male mice exhibited sniffing, 
chasing, and mounting behaviors, as previously reported 
[13]. USVs emitted during sniffing behaviors were 
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compared to avoid potentially confounding effects with 
different behaviors [14]. 

USV patterns were characterized by visual inspection 
of sonograms and it was found thatl29 and B6 males 
had mutually exclusive phenotypes. Based on previously 
published criteria for syllable classification [10,11,15,16] 
it was determined that 129 mice frequently repeated 
chevron-type syllables, whereas B6 mice used short-type 
syllables in their repeats (Figure la). The chevron-rich 
repeats are referred to as "chevron-wave" USVs, while 
the short-rich repeats are referred to as "staccato" USVs. 
These results suggest that B6 and 129 mice have differ- 
ent syllable preferences during the generation of court- 
ship USVs. 

Quantification of syllable composition indicated that 
chevron-type syllables were infrequently used by B6 
mice, but they were dominant in 129 mice. Short-type 



syllables were significantly more commonly used by B6 
mice compared with 129 mice (Figure lb; F(14,476) = 
30, p < 0.001 for strain x syllable type; for chevron or 
short, p < 0.001 for 129 vs. B6, Student-Newman-Keuls 
(SNK test) multiple comparison test), although they had 
the capacity to generate both syllable types (Figure lb). 
Both strains showed no significant differences in the 
emission of other syllable types (Figure lb and Table 1; 
p > 0.4 for Sh, Up, Dn, Fl, Cx, OS, or MS, for 129 vs. 
B6, SNK test). 

Furthermore, there were no significant differences in 
the number of sniffs or syllables emitted, which reflects 
the motivational effect on USV emission (Figure lc; 
sniffing: p = 0.52, £-test; number of syllables: p - 0.18, 
Student £-test). These results suggest that the chevron- 
wave and staccato phenotypes of B6 and 129 mice 
strains were associated with specific preferences in these 
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Figure 1 Syllabic composition of the USVs of 129, B6, and Fl mice, (a) up: staccato (short repeats) (red) and chevron-wave (chevron 
repeats) (blue) of 129 {left), B6 {center), and F1 {right). The box represents short or chevron adjacently repeated regions, down: detailed view of 
the area in the triangle, (b) The ratio of each syllable type. 129 and B6 exhibited different use of short and chevron. F1 had a similar syllable 
composition to B6, but differed from 129. down: representative sonogram for each syllable produced by 129. * p < 0.01. (c) Sniffing and total 
number of syllables during sniffing. * p < 0.05. 
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Table 1 Parameters for syllables produced by 129, B6, and F1. 




Average Peak Frequency 








Duration 






kHz 


B6 


Fl 


129 


msec 


B6 


Fl 




129 


Sh* 


75.2 ± 0.4 


172.2 ± 0.8+ 


69.7 ± 1 .0 


Sh 


7.4 ± 0.7 


7.4 ± 


0.7 


8.5 ± 0.5 


Up* 


75.5 ± 0.4 


+73.2 ± 0.5 


70.7 ± 0.9 


Up 


23.4 ± 0.7 


24.5 ± 


1.0 


30.1 ± 1.1 


Dn* 


73.0 ± 0.5 


71.4 ± 1.2 


68.9 ± 0.7 


Dn 


35.0 ± 0.2 


38.5 ± 


5.7 


42.0 ± 1 .6 


Cv* 


73.8 ± 0.5 


76.3 ± 0.9 


72.2 ± 0.7 


Cv* 


47.7 ± 3.0 


57.4 ± 


4.1 


57.1 ± 1.4 


Fl 


73.2 ± 0.4 


68.1 ± 0.9 


65.1 ± 0.6 


Fl 


29.3 ± 1.1 


27.4 ± 


1.8 


29.2 ± 8.7 


Cx* 


73.0 ± 0.5 


70.6 ± 0.8 


68.8 ± 0.7 


Cx* 


56.6 ± 3.1 


65.1 ± 


5.3+ 


89.2 ± 3.2 


OS* 


71.9 ± 0.5 


71.8 ± 1.1 + 


64.6 ± 0.9 


OS* 


45.7 ± 4.5 


45.1 ± 


0.2+ 


60.5 ± 1 .9 


MS* 


70.0 ± 0.7 


+63.1 ± 1.8 


61.4 ± 0.9 


MS 


104.6 ± 9.4 


+82.0 : 


b 2.4 


95.8 ± 6.6 



* p < 0.05 for B6 vs 129; t p < 0.05 for B6 vs F1; t p < 0.05 for F1 vs 129 

Average frequencies {left) and duration {right) of syllables compared among 129, B6, and F1. Overall, B6 had a higher average peak frequency than 129 males. F1 
lay in the middle of the two. 129 produced longer Cv, Cx, and OS. F1 lay in the middle of the two. 



strains for selecting chevrons or short syllables, despite 
their similar responsiveness in females. 



and 129 males (Figure 1) were due to motivational pre- 
ferences associated with female stains. 



Fl males produce a B6-like USV 

The genetic relationship between the staccato and chev- 
ron-wave phenotypes was addressed by generating Fl 
mice using both 129 9 x B6 cf, and B6 9 x 129 cf, mat- 
ings. Interestingly, the proportion of short and chevron 
USV syllables produced by Fl males was similar to that 
produced by B6 males and differ from 129 (F( 14,476) = 
30.4, p < 0.001; short: p < 0.001 for 129 vs. B6 or Fl 
and p = 0.33 for B6 vs. Fl; chevron: p < 0.001 for 129 
vs. B6 and p = 0.86 for B6 vs. Fl). The B6-like USVs of 
Fl mice were also unaffected by the paternal genotype 
(p = 0.47, B6 9 x 129 cf, vs. 129 9 x B6 cf,). A high 
proportion of frequently repeated short-type syllables 
was produced by the Fl mice (Figure lb), as found in 
B6 mice (Figure lb). Fl mice exhibited a similar amount 
of sniffing behavior (Figure lc; F(2,60) = 2.5, p = 0.08) 
and emitted a lower number of syllables during sniffing 
behavior when compared with their parental strains 
(Figure lc; ANOVA on ranks, p = 0.29; p < 0.05 for Fl 
vs. B6 or 129). These results suggest that staccato is the 
dominant phenotype, while chevron-wave is recessive. 

USV composition was not dependent on the female strain 

The different USV patterns of B6 and 129 males could 
be attributable to differences in their responsiveness to 
B6 females, i.e., B6 males might be exposed to females 
with the same genetic background, whereas 129 males 
might encounter females of different strains. To address 
this issue, we compared their responsiveness to 129 
females. However, the relative syllable composition of 
each strain was not significantly affected by 129 females 
(Figure 2a; 129 male: F(l,210) = 0, p = 1, two way 
repeated measures ANOVA; p = 0.972 for 129 vs. B6 
female, SNK test; B6 male: F(l,224) = 0, p = 1; p = 0.4 
for 129 vs. B6, SNK test). These results suggest it was 
unlikely that differences in the USV phenotypes of B6 



Repetition of a specific syllable in B6, 129 and Flmice 

To compare the degree of repetition of either short and 
chevron-type syllable among genotypes, we first measure 
the onset probability of those syllables along USV 
sequences (Figure 3a and 3b). Strain B6 or Fl produced 
more short repeats than 129 (Figure 3aleft; F(2,710) = 
165.1, p < 0.001; p < 0.001 for 129 vs. B6 or Fl, p = 0.5 
B6 vs. Fl, SNK test; 1 x-4 x short repeats, p < 0.001 for 
129 vs. B6 or Fl, SNK test). Chevron repeats were more 
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Figure 2 Syllable composition of B6 and 129 males was not 
affected by the female strain, (a) The ratio of each syllable type 
for 129 and B6 male mice stimulated by a 129 female. The syllable 
composition pattern was consistent with Fig. 1 (stimulated by B6 
female), (b) Time spent sniffing (left) and total number of syllables 
{right) during sniffing behavior. B6 and 129 males stimulated by 129 
female. * p < 0.01. 
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123456789 10^10 ° 1 2 3 4 5 6 7 8 9 10>10 

# Sh repeats # Cv repeats 



b 

#repeats B6 129 F1 #repeats B6 129 F1 

>3 100%(26) 48%(11) 100%(25) >3 23%(6) 100%(24) 16%(4) 

>4 100%(26) 17%(4) 100%(25) >4 4%(1) 100%(24) 4%(1) 

>5 100%(26) 5%(1) 92%(23) >5 0%(0) 88%(21) 0%(0) 

>6 77%(20) 0%(0) 68%(17) >6 0%(0) 79%(19) 0%(0) 

Figure 3 Sequential syllable structure for USVs of B6, 129, and 

F1 mice, (a) Syllable repetition in B6, 129, and F1 mice. The number 
of events of differing length was normalized with the total number 
of syllables. B6 and 129 mice emitted different amounts of short 
repetitions and chevron repetitions. B6-like phenotypes were 
dominant. * p < 0.01. (b) Proportions of animals with syllable 
repeats containing at three to six syllables. 

V ) 

frequent in 129 compared with B6 or Fl (Figure bright; 
F(2,710) = 50.0, p < 0.001; p <0.001 for 129 vs. B6 or 
Fl, p = 0.14 for B6 vs. Fl; 1 x-4 x short repeats, p < 
0.001 for 129 vs. B6 and Fl, SNK method]. 

The biased preference for syllables was also found to 
be expressed in repeated syllables. For example, all B6 
or Fl mice had the capacity to generate more than 4 x 
short repeats, whereas only 17% of the 129 mice pro- 
duced 4 x short repeats (Figure 3bleft; p < 0.05 for 129 
vs. B6 or Fl, chi-squared test). In contrast, all 129 males 
had the capacity to produce four or more chevron 
repeats (> 4 x chevron repeats), while few of the B6 
(4%) or Fl(4%) mice produced 4 x chevron repeats (Fig- 
ure 3bright; p < 0.01 for 129 vs. B6 or Fl, chi-squared 
test). These results suggest that the different USV pat- 
terns found in 129 and B6 mice (Figure 1 and 2) were 
associated with different syllable preferences of mice, 
both in terms of random selection and syllable 
repetition. 

Short-rich and chevron-rich phenotypes were segregated 
in F2 generations 

USVs of F2 mice obtained from the mating of Fl mice 
were analyzed to determine whether the mutually exclu- 
sive staccato and chevron-wave USV phenotypes were 
different alleles at the same genetic locus (Figure 4). B6 
and Fl USVs were exclusively composed of short-type 
syllables, whereas the chevron- type was preferred by 129 
mice (Figure 4b, white, black and red dots); however, F2 
mice produced a more diverse composition of short- 
type and chevron-type syllables (Figure 4b, red dots). 
Many F2 mice emitted 129-like USVs (Figure 4a and 4b, 
129-type), although a larger proportion of F2 mice pro- 
duced B6-like USVs (B6-type). Furthermore, new types 



of mice were found that produced mixed-type USVs, 
while others lacked both staccato and chevron-wave 
repeats (novel-type) in their USVs. This suggests that at 
least two separate genetic loci determine the preference 
for syllable usage, i.e., one for the chevron-wave and 
another for the staccato repeat phenotypes. 

Syllable repetition phenotypes were diversified also. 
Only c. 25% of the F2 mice exhibited the repetition of 
chevron syllables more than four times (Figure 4c; 12 of 
41 total animals; % 2 = 0.2, p = 0.65, chi-squared test, 1/4 
vs. 12/41), so the allele for chevron repetition preference 
appears to be recessive. Approximately 75% of the F2 
mice produced USVs containing short-rich syllables 
repeated more than four times (Figure 4c; 32 of 41; % 2 = 
0.07, p = 0.79 for chi-squared test 3/4 vs. 32/41), which 
indicates the dominance of this phenotype as also 
observed in the Fl generation. 

Discussion 

Our results suggest that at least two genetic loci are 
responsible for the different syllable patterns of court- 
ship USVs produced by 129 and B6 mice. Analysis of 
USVs in Fl mice showed that the chevron-rich USV 
repetition is a recessive phenotype, while the short-rich 
repetition is a dominant phenotype (Figure 1). The 
appearance of various combinations of those two pheno- 
types in the F2 generation suggests that these pheno- 
types are generated by two independent genetic loci 
(Figure 4). The two genetic loci are critical for the orga- 
nization of syllable sequences in USVs. B6 and 129 mice 
share a similar ancestor [17], but allelic variations of 
genes and homozygosity for these alleles during the 
breeding of the two inbred strains may have led to the 
current phenotypes, which are defined by the redundant 
repetition of specific syllables. 

What is the biological role of the two loci? It is unli- 
kely that these loci control the capacity for the genera- 
tion of specific syllables per se during prenatal 
development. If this hypothesis was true, adult B6 mice 
that are dominated by the usage of short-type syllables 
would be physically unable to generate chevron-type syl- 
lables. Previous reports show that B6 pups have no 
defects in the generation of specific types of syllables 
[18]. The current study also confirmed that adult B6 
males can generate other types of syllables (Figure 1). 
Gene knockout studies also showed that the syllable 
repertoire mechanism can be dissociated from structural 
problems, i.e., muscarinic receptor [10] or vasopressin 
lb receptor [8] knockouts resulted in abnormal pitch, 
amplitude, or emission events when compared with 
wild-type mice, but there were no reported defects in 
terms of USV syllable structure. 

A second hypothesis could explain the function of the 
two loci based on a paternal effect theory, which is used 



Choi et al. BMC Neuroscience 201 1, 12:104 
http://www.biomedcentral.eom/1 471 -2202/1 2/1 04 



Page 5 of 8 



a 



129-like 

(dM + S/?i) 



B6-like 



Mixed-type 
{CvUSht) 



100 



N 
X 



40 



W. » 



■y. 



/29 



o°§> 0 
o • 



o 

CD 
i_ 

> 

o 



0 



Mixed 



o 129 


D 




• B6 


< 


2 


• F1 


0 




• F2 


o 






*E 






CM 


1 




LL 





Sh ratio 



> 4 Chevron repeats 



Novel-type 
(Ol+S/?i) 



10 sec 



1 1 \ 1 ■! 



1 sec 



> 4 Short repeats 



Novel B6 

Figure 4 F2 USVs were diversified into 66-like, 129-like, and mixed phenotypes. (a) USV patterns of F2 mice. Representative sonograms of 
the four types of F2 mice are shown. Chevron repeat (red) and short repeats (blue) are highlighted (box), (b) Proportions of short (x-axis) and 
chevron (y-axis) for each mouse are shown. One dot is one mouse. Short and chevron compositions for B6 (blue) and F1 (green) overlapped, 
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lacked chevrons and short syllables, (c) The ratio of F2 mice with syllable repeats greater than four. Chevron-rich USVs were recessive, whereas 
short-rich USVs were dominant. 



to explain the diversity of song patterns in songbirds. It 
is interesting to note that the syllabic makeup of emitted 
USVs changed as the mice aged. The USVs of B6 pups 
contained a larger proportion of chevron-type syllables 
(-40%) [16] compared with juvenile mice (2-3%) [15], 
as found in the current study (-1%). Furthermore, 129 
mice exhibited an increase to -30% chevron usage as 
adults, from only 10% chevron syllable usage as pups 
[18]. The age-dependent differentiation of the USV 
repertoire was not likely to be attributable to paternal 
effects, because the USV pattern of Fl mice was unaf- 
fected by the paternal genetic background (Figure 1 and 
2). 

A third hypothesis proposes that two loci are involved 
in the selection of syllables in the generation of USVs 
through an unknown mechanism. The results of the 
current study suggest that genetic recombination may 
be responsible for the composition of the USV syllable 
repertoire. Identifying the genetic component might 
help to understand the development of vocal communi- 
cation in mice. It is plausible to assume that if selection 
is directed by multiple genes, then the combination of 



specific alleles may lead to complex patterns of USVs. 
This is consistent with the current study's observation 
of a diverse pattern of USVs in F2 mice, resulting from 
a B6 x 129 cross. B6-like and 129-like USV patterns 
were observed, but novel USV patterns with both or 
none alleles emerged in the F2 generation. This might 
be due to independent inheritance of the two alleles and 
reciprocal masking of recessive and dominant alleles by 
genetic recombination. The results of the current study 
suggest that genetic recombination might be responsible 
for the complexity of the USV repertoire, which is 
known to play a critical role in female choice and repro- 
ductive success. It remains to be elucidated whether 
USVs with repetition of the same type syllable are more 
efficient for attracting females when compared with 
USVs containing a complex combination of many 
syllables. 

The Fl hybrid of B6 and 129 is suggested as an ideal 
genetic background for the study of gene knockout 
mice, because the effects of homozygous recessive muta- 
tions accumulate in the two inbred mice strains [19]. 
However, the current study suggests that Fl mice 
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should be used carefully in USV analysis, because domi- 
nant mutations in B6 mice can produce a short-rich 
USV phenotype in the Fl genetic background (Figure 1). 
The biased USV phenotype of Fl mice due to the domi- 
nant mutation produces difficulties when evaluating the 
effectst of targeted gene on the expression of various 
syllables. To avoid this problem, various genetic back- 
grounds should be used in the analysis of mouse USVs 
with targeted mutations, as previously suggested [20]. 

The repetition of specific syllables is also seen in 
human speech disorders. Some patients with Tourette 
syndrome [21] or Parkinsons disease [22] exhibit palila- 
lia, which is the continuous repetition of a phrase or 
specific syllables. Mechanisms underlying chevron- 
repeats or short-repeats might be shared by human 
speech disorders. Finally, the characterization of genes 
underlying syllable selection might provide profound 
insights into the evolutionary history of sound commu- 
nication and the mechanism of human speech disorders. 

Conclusions 

This study suggests that the selection of specific sylla- 
bles in courtship USVs is controlled by a genetic 
mechanism in mice. At least two genetic loci are asso- 
ciated with the staccato and chevron-wave alleles of B6 
and 129 mice, which control syllable preference combi- 
nations for these alleles and produce a diverse USV 
repertoire, even in the F2 generation. The diversification 
of the courtship USV repertoire in these alleles may 
contribute to the fitness of mice in nature. Further play- 
back experiments to females with staccato and chevron- 
wave songs could help to explain this issue. Further- 
more, the identification of these two loci will provide 
insights into the neural pathways that control the orga- 
nization of syllable sequences and possibly aid the 
understanding of language disorders in humans. 

Methods 

Animal care and breeding 

All procedures were performed according to the Korean 
Advanced Institute of Science and Technology (KAIST) 
guidelines for the care and use of laboratory animals 
and approved by the Institutional Animal Care and Use 
Committee (Protocol No. KA2008-28). Mice were main- 
tained on a 12:12 h lightdark cycle (light cycle begin- 
ning at 06:00) at a temperature of 23°C. Food and water 
were accessible ad libitum. Male C57BL/6J (B6) and 
129S4/SvJae (129) mice and their offspring were bred at 
KAIST (Daejeon, Korea). Fl mice were obtained from 
two types of breeding pairs: male B6 mice mated to 129 
females and male 129 mice mated to B6 females. The 
data were collapsed across 129B6 (B6 was paternal) and 
B6129 (129 was paternal), because statistical analyses 
showed they were not significantly different. F2 mice 



were obtained from three breeding pairs composed of 
six Fl 129B6 females and three Fl 129B6 males. All 
male mice were sexually naive and they had not mated 
before the test. 

Induction of courtship USVs 

To induce USVs in male mice, a female was introduced 
into the male resident cage, because direct contact is 
known to be more effective in inducing USVs than 
female urine or indirect contact [10]. USV recordings 
were made withl0~15-week-old male mice as follows: 
B6 to B6 female, n = 31; 129 to B6 female, n = 28; B6 
to 129 female, n = 10; 129 to 129 female n = 9; Fl, n = 
30; and F2, n = 84. Each male was isolated in a trans- 
parent acrylic housing cage (140 x 210 x 130 mm) for 
at least three days before the recording of their court- 
ship USVs. During the isolation period, male mice were 
exposed to the recording chamber for 30 min once 
every day. On the recording day, mice were placed in 
the recording chamber for 30 min. After a 5 min back- 
ground recording, one randomly chosen estrus B6 (n = 
30) or 129 (n = 10) female (3-5 months old, 4-5 mice 
housed together) was placed in the recording chamber 
[10]. The estrus stage was confirmed in female mice by 
visual inspection of the vagina [23]. A male was allowed 
to investigate the female for 5 min and emitted USVs 
were recorded. We used only males exhibiting high 
responsiveness to the females, as measured by the fre- 
quency of USVs (at least 100 events) and the frequency 
of sniffing behaviors (at least 150 sec, Figure 1). 

Recording of USV and courtship behavior 

USVs were recorded through a X A inch microphone and 
amplified with a preamplifier and a main amplifier 
(sound recording from Bruel and Kjaer Inc., Denmark). 
Signals were filtered from 1 Hz to 100 kHz [24] and 
digitized with a sampling frequency of 250 kHz, 16 bits 
per sample, using a 1000 Hz high-pass digital filter 
(model 1322A, Axon Instruments, Union City, CA). 
Behaviors were simultaneously recorded with a CCD 
camera. Only 26/70 B6 or 129 mice exhibited mounting 
behavior during the 5 min recording time as small as 
average eight seconds. As infrequent to analysis, USVs 
recorded during non-sniffing behaviors were excluded 
from further analysis. 

Analysis of USV structure 

Sound recordings were processed using a custom 
Matlab program. Short-time Fourier transform analysis 
was performed to draw sonograms (1,024 samples/block, 
1/4 overlap, resulting in a time resolution of 1.02 ms 
and a frequency resolution of 0.45 kHz). Frequencies 
lower than 35 kHz were filtered out to reduce back- 
ground white noise and audible squeaking from females. 
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As a basal power spectrum, consecutive powers of 10 s 
without USVs were sampled and averaged for time, such 
that 1.2 times the basal power spectrum was subtracted 
from each power spectrum and frequencies with a 
power less than zero were set to zero. This procedure 
was used to reduce the background white noise [25]. 

USVs that containing more than 100 syllables were 
analyzed (B6 to B6 female, n = 26; 129 to 129 female, n 
= 24; B6 to 129 female, n = 9; 129 to 129 female, n = 8; 
Fl, n = 25; F2, n = 70). Syllables were first identified 
based on their energy levels and then manually refined. 
For each time bin of the power spectrum, powers from 
35 kHz to 100 kHz were summed and used as the USV 
power. At least two time bins (2.04 ms) with a USV 
power greater than the threshold were considered a syl- 
lable. The threshold was set manually to minimize false 
positive and false negative effects. Two syllables closer 
than 20 time bins (20.8 ms) were considered as one 
syllable. 

The syllable classification method was similar to 
Grimsley et al. [26]. For the analysis of sound 
sequences, eight specific syllable types were classified by 
the dominant frequency change and the length, as fol- 
lows: short (Sh), shorter than 10 ms; up frequency modu- 
lation (Up), increment of basal frequency by at least 10 
kHz from beginning to end without a decrease larger 
than 5 kHz.;down frequency modulation (Dn), decrease 
of basal frequency by at least 10 kHz from beginning to 
end without an increase larger than 5 kHz; chevron (Cv), 
increase in pitch by at least 10 kHz followed by a 
decrease of at least 10 kHz without a subsequent 
increase larger than 6 kHz; flat, highest and lowest 
dominant frequency differed less than 10 kHz; complex 
(Cx), continuous syllable without frequency steps not 
including the types above; one step (OS), contained one 
frequency step (> 10 kHz basal frequency changes in 
2.04 ms); and multistep (MS), contained two or more 
frequency steps. 

The degree of syllable repetition was defined here as 
the consecutive emission of the same syllable type with- 
out interruption by another type of syllable, or by a 
greater than 0.5 sec latency. The number of syllable 
repetition events was counted for each mouse and nor- 
malized by the total number of syllables. 

Statistical analysis 

ANOVA with repeated measures was performed to ana- 
lyze the strain-dependent differences in vocalization 
data of B6, 129, and Fl mice, with strain as a factor and 
call categories as repeated measures. This analysis was 
followed by the Student-Newman-Keuls test [16]. A chi- 
squared test was used to test the modes of inheritance 
in F2 mice. 



Acknowledgements 

This work was supported by a National Research Foundation of Korea (NRF) 
grant funded by the Korean government (to D.K., 20100000032) and the 21 st 
Century Frontier R&D Programs of the Korean Ministry of Education, Science, 
and Technology (to D.K., 2010k000814). 

Authors' contributions 

HC carried out the behavioral experiments, built the data analysis program, 
analyzed sound and behavior data, and drafted the manuscript. SP carried 
out the behavioral experiments, analyzed the sound and video data, and 
helped to draft the manuscript. DK conceived the study, participated in its 
design and coordination, and helped to draft the manuscript. All authors 
read and approved the final manuscript. 

Received: 15 June 2011 Accepted: 21 October 2011 
Published: 21 October 201 1 

References 

1. Mcintosh TK, Barfield RJ, Geyer LA: Ultrasonic vocalisations facilitate sexual 
behaviour of female rats. Nature 1978, 272(5649):163-164. 

2. Bean NJ: Olfactory and vomeronasal mediation of ultrasonic 
vocalizations in male mice. Physiology & behavior 1982, 28(1)31-37. 

3. Bean NY, Nunez AA, Conner R: Effects of medial preoptic lesions on male 
mouse ultrasonic vocalizations and copulatory behavior. Brain research 
bulletin 1981, 6(2):109-1 12. 

4. D'Amato FR: Courtship ultrasonic vocalizations and social status in mice. 
Animal Behaviour 1991, 41(5)375-885. 

5. Stowers L, Holy TE, Meister M, Dulac C, Koentges G: Loss of sex 
discrimination and male-male aggression in mice deficient for TRP2. 
Science 2002, 295(5559):1 493-1 500. 

6. Hammerschmidt K, Radyushkin K, Ehrenreich H, Fischer J: Female mice 
respond to male ultrasonic 'songs' with approach behaviour. Biology 
letters 2009, 5(5):589-592. 

7. Pomerantz SM, Nunez AA, Bean NJ: Female behavior is affected by male 
ultrasonic vocalizations in house mice. Physiology & behavior 1983, 
31(1):91-96. 

8. Scattoni ML, McFarlane HG, Zhodzishsky V, Caldwell HK, Young WS, 
Ricceri L, Crawley JN: Reduced ultrasonic vocalizations in vasopressin 1b 
knockout mice. Behavioural brain research 2008, 1 87(2)371-378. 

9. Shu W, Cho JY, Jiang Y, Zhang M, Weisz D, Elder GA, Schmeidler J, De 
Gasperi R, Sosa MA, Rabidou D, et al: Altered ultrasonic vocalization in 
mice with a disruption in the Foxp2 gene. Proceedings of the National 
Academy of Sciences of the United States of America 2005, 
102(27):9643-9648. 

10. Wang H, Liang S, Burgdorf J, Wess J, Yeomans J: Ultrasonic vocalizations 
induced by sex and amphetamine in M2, M4, M5 muscarinic and D2 
dopamine receptor knockout mice. PloS one 2008, 3(4):e1893. 

11. Guo Z, Holy TE: Sex selectivity of mouse ultrasonic songs. Chemical senses 
2007, 32(5):463-473. 

12. Kikusui T, Nakanishi K, Nakagawa R, Nagasawa M, Mogi K, Okanoya K: Cross 
Fostering Experiments Suggest That Mice Songs Are Innate. PLoS One 
2011, 6(3):e17721. 

13. Barthelemy M, Gourbal BE, Gabrion C, Petit G: Influence of the female 
sexual cycle on BALB/c mouse calling behaviour during mating. 
Naturwissenschaften 2004, 91 (3):1 35-1 38. 

14. Gourbal BE, Barthelemy M, Petit G, Gabrion C: Spectrographic analysis of 
the ultrasonic vocalisations of adult male and female BALB/c mice. 
Naturwissenschaften 2004, 91(8)381-385. 

15. Panksepp JB, Jochman KA, Kim JU, Koy JJ, Wilson ED, Chen Q, Wilson CR, 
Lahvis GP: Affiliative behavior, ultrasonic communication and social 
reward are influenced by genetic variation in adolescent mice. PLoS One 
2007, 2(4):e351. 

16. Scattoni ML, Gandhy SU, Ricceri L, Crawley JN: Unusual repertoire of 
vocalizations in the BTBR T+tf/J mouse model of autism. PLoS One 2008, 
3(8):e3067. 

17. Nishioka Y: The origin of common laboratory mice. Genome/National 
Research Council Canada = Genome/Conseil national de recherches Canada 
1995, 38(1 ):1 -7. 

18. Scattoni ML, Ricceri L, Crawley JN: Unusual repertoire of vocalizations in 
adult BTBR T+tf/J mice during three types of social encounters. Genes, 
brain, and behavior 201 1, 10(1):44-56. 



Choi et al. BMC Neuroscience 201 1, 12:104 
http://www.biomedcentral.eom/1 471-2202/1 2/1 04 



Page 8 of 8 



19. Mutant mice and neuroscience: recommendations concerning genetic 
background. Banbury Conference on genetic background in mice. 

Neuron 1997, 19(4):755-759. 

20. Frankel WN: Mouse strain backgrounds: more than black and white. 
Neuron 1998, 20(2): 183. 

21. Van Borsel J, Tetnowski JA: Fluency disorders in genetic syndromes. 
Journal of fluency disorders 2007, 32(4):279-296. 

22. Christman SS, Boutsen FR, Buckingham HW: Perseveration and other 
repetitive verbal behaviors: functional dissociations. Seminars in speech 
and language 2004, 25(4):295-307. 

23. Champlin AK, Dorr DL, Gates AH: Determining the stage of the estrous 
cycle in the mouse by the appearance of the vagina. Biology of 
reproduction 1973, 8(4):49 1-494. 

24. Holy TE, Guo Z: Ultrasonic songs of male mice. PLoS Biology 2005, 3(12): 
e386. 

25. Liu RC, Miller KD, Merzenich MM, Schreiner CE: Acoustic variability and 
distinguishability among mouse ultrasound vocalizations. The Journal of 
the Acoustical Society of America 2003, 1 14(6 Pt 1)3412-3422. 

26. Grimsley JM, Monaghan JJ, Wenstrup JJ: Development of social 
vocalizations in mice. PLoS One 2011, 6(3):e17460. 



doi:1 0.1 1 86/1 471-2202-1 2-1 04 

Cite this article as: Choi et al:. Two genetic loci control syllable 
sequences of ultrasonic courtship vocalizations in inbred mice. BMC 

Neuroscience 2011 12:104. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 

Submit your manuscript at (^\ RioMM i r pnt ^\ 

www.biomedcentral.com/submit Blomea ^ enirai 



